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In Brief
Challenging the notion that genes are
either essential or not for an organism’s
survival, a set of genes in budding yeast
previously thought to be essential are
instead found to be ‘‘evolvable,’’ as given
time to adapt, the cell, often via
aneuploidy, can deploy alternative means
of survival without the gene.
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Gene essentiality is typically determined by assess-
ing the viability of the corresponding mutant cells,
but this definition fails to account for the ability of
cells to adaptively evolve to genetic perturbations.
Here, we performed a stringent screen to assess
the degree to which Saccharomyces cerevisiae cells
can survive the deletion of 1,000 individual ‘‘essen-
tial’’ genes and found that9% of these genetic per-
turbations could in fact be overcome by adaptive
evolution. Our analyses uncovered a genome-wide
gradient of gene essentiality, with certain essential
cellular functions being more ‘‘evolvable’’ than
others. Ploidy changes were prevalent among the
evolved mutant strains, and aneuploidy of a specific
chromosome was adaptive for a class of evolvable
nucleoporin mutants. These data justify a quantita-
tive redefinition of gene essentiality that incorporates
both viability and evolvability of the corresponding
mutant cells and will enable selection of therapeutic
targets associated with lower risk of emergence of
drug resistance.
INTRODUCTION
The classification of genes as either essential or non-essential
for cell viability is a founding concept of genetics with implica-
tions for various biomedical research areas. Gene essentiality
has influenced the study of cellular networks (Jeong et al.,
2001), the rational design of a ‘‘minimal genome’’ (Gil et al.,
2004; Koonin, 2003), and the prioritization of drug targets for
novel therapies (Hu et al., 2007; Judson and Mekalanos, 2000;
Xu et al., 2011). A history of systematic gene deletion studies,
conducted primarily in prokaryotes, has identified biological fea-
tures that distinguish essential from non-essential genes (Zhang
and Lin, 2009). While the proportion of essential genes in
different bacterial genomes varies significantly between species
(Gerdes et al., 2006), those found to be essential for growth in
Escherichia coli were among the most conserved across the1388 Cell 163, 1388–1399, December 3, 2015 ª2015 Elsevier Inc.bacterial kingdom (Baba et al., 2006; Gerdes et al., 2003), sug-
gesting that these may evolve more slowly than non-essential
genes. In the unicellular eukaryote Saccharomyces cerevisiae,
approximately one in every five to six genes is reportedly essen-
tial for growth (Giaever et al., 2002; Winzeler et al., 1999). In
comparison to non-essential genes, yeast essential genes ex-
hibited more homologs in other organisms (Giaever et al.,
2002; Winzeler et al., 1999) and were involved in a larger number
of protein-protein interactions (Hwang et al., 2009; Jeong et al.,
2001). Systematic gene deletion efforts recently expanded to
multicellular eukaryotes such as mice, in which 42% of genes
were essential for homozygous viability, and these exhibited
fewer paralogs and were enriched for subunits of protein com-
plexes (White et al., 2013).
Determining whether a gene is essential for cell viability is less
straightforward than one might predict. Genes can be essential
in one species but not another (Ryan et al., 2013; Sharma
et al., 2014) or in one growth condition but not in others (Baba
et al., 2006; Gerdes et al., 2006), suggesting that essentiality is
not an intrinsic property of a gene but is influenced by genetic
and environmental factors. Moreover, some non-essential bac-
terial genes share numerous features with their essential coun-
terparts (Fang et al., 2005), challenging a clear dichotomy
between these two gene subsets. To address these issues, a
quantitative assessment of gene essentiality was proposed
(Gerdes et al., 2006); however, current methods are based on
growth measurements of live mutant cells and are therefore
limited to the analysis of non-essential genes.
Several yeast strains in the systematic non-essential gene
knockout collection carry secondary genome changes,
including polyploidy, aneuploidy, and point mutations (Giaever
and Nislow, 2014; Hughes et al., 2000; Teng et al., 2013),
which are likely the result of compensatory evolution. Accord-
ingly, yeast cells subjected to deletion of non-essential genes
acquire non-random aneuploidies to restore cellular fitness
(Szamecz et al., 2014; Vernon et al., 2008). Evidence of unex-
pected compensatory evolution has also been observed in
yeast and bacterial cells after inactivation of a few essential
genes (Bergmiller et al., 2012; Rancati et al., 2008). For
example, defects in cell division were initially lethal in yeast
cells lacking the MYO1 gene, which is required for cytokinesis,
but rare myo1D survivors with severe cytokinesis defects
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Figure 1. Identification of Evolvable Essen-
tial Genes
(A) Schematic representation of the three-layered
screen. Shown are cartoon representations of a
Magic Marker Collection strain and its possible
meiotic products, a representative random spore
analysis plate captured after 11 days of incubation
(white circles, 14 colonies randomly selected for
PCR genotyping), and representative plates ac-
quired 4 and 10 days after tetrad dissection (white
circles, visible mutant colonies). XXX and xxxD are
WT and deleted copy of an essential gene,
respectively.
(B) Percentage of viable mutant spores (n R 22
tetrads per genotype). Strains are ranked in
increasing order of survivability.
(C) The 50 mutant strains with the lowest spore
survivability (<92.1%) were subjected to a germi-
nation test. Shown are representative images of
mutant microcolonies and visible colonies at 2 and
10 days after tetrad dissection, respectively.
(D) Quantification of mutant spore germination
ability, determined as presence of a minimum of
one budding event 2 days after tetrad dissection.
Strains are ranked as in (B).
(E) Illustration of the pedigree analysis performed
on the 54 mutant strains withR92.1% survivabil-
ity, showing the physical arrangement of the 32
cells resulting from the first five generations after
spore germination.
(F) Representative images of a WT and mutant
pedigree 2 and 8 days after tetrad dissection,
respectively. ‘‘Unbudded’’ is the cell failed to bud
during the observation period; ‘‘not generated’’ is
no daughter cell could be isolated from its
ancestor.
(G) Quantification of data shown in (F) for 38
mutant strains carrying the deletion of an evolv-
able essential gene, ranked by the total number of
generated cells. Percentages are reported based
on aggregated results from four independent
mutant spores per genotype.
See also Figures S1A and S1B and Table S1A.appeared several days later (Tolliday et al., 2003). Adaptively
evolved myo1D survivors restored their cytokinesis proficiency
via specific changes in chromosome copy number (Rancati
et al., 2008). Functional bypass of the genetic disruption was
not achieved by simply restoring the original machinery, but
instead involved co-opting of genes involved in seemingly un-
related pathways.
These observations prompted us to re-evaluate the concept of
gene essentiality not only in terms of cell viability but also in light
of ‘‘cellular evolvability,’’ i.e., the natural ability of cells to adapt to
acute environmental and genetic stresses via evolutionary pro-
cesses. To this end, using a multilayered screen in budding
yeast, we identified a class of essential genes, termed ‘‘evolv-
able,’’ in which loss of function could be compensated for by
evolution of alternative cellular processes. This class of genes
displayed several characteristics that distinguished them from
‘‘non-evolvable’’ essential genes, whose loss could not be
overcome.RESULTS
Adaptive Evolution of Budding Yeast to the Deletion
of Essential Genes
To test the ability of yeast cells to adaptively evolve to the loss of
an essential gene, we compiled a list of 1,106 genes annotated
as being required for viability in the Saccharomyces Genome
Database (SGD; Table S1A). Throughout this study, cells deleted
of an essential genewere freshly generated bymeiosis of hetero-
zygous diploid strains, thereby minimizing the accumulation of
suppressor mutations prior to the initiation of the experiments,
and they were maintained in culture forR10 days to allow adap-
tive evolution to occur. To be included in the final list of reported
genes, viable cells carrying an essential gene deletion had to be
recovered from each of three sequential screening layers fol-
lowed by two additional validation steps (Figure 1). For the pri-
mary screen, we employed a genome-wide collection of hetero-
zygous diploid strains and performed random spore analysis onCell 163, 1388–1399, December 3, 2015 ª2015 Elsevier Inc. 1389
selective medium followed by PCR genotyping to detect strains
able to generate viable spores deleted of an essential gene. The
157 putative positive strains were subjected to a secondary
screen by tetrad analysis on rich media to confirm each strain’s
ability to generate viable mutant progeny and to discard false-
positive strains that were either unable to generate viable mutant
progeny or in which all mutant spores grew vigorously. The
candidate positive strains were reconstructed in the laboratory
starting with an independently generated WT diploid strain to
obtain an isogenic set of heterozygous diploid strains. The re-
sulting strains were subjected to a tertiary screen by tetrad anal-
ysis to reconfirm the ability of yeast cells to form viable colonies
despite the deletion of an essential gene, while excluding
possible confounding effects of undocumented mutations in
the yeast deletion library (Giaever and Nislow, 2014; Hughes
et al., 2000; Teng et al., 2013). Strains were discarded if they
failed to give rise to any viable mutant colony or generated uni-
formly large colonies with >80% survivability (defined as the per-
centage of mutant spores giving rise to visible colonies). Using
this three-layered approach, we observed that yeast cells were
still capable of forming viable single-cell colonies after deletion
of 104 of these essential genes (Figure 1A; Table S1A).
Spore survivability of these 104 essential genes ranged from
1% to 100% (Figure 1B), albeit, in the latter case, colonies
were of heterogeneous size (data not shown). In these assays,
low survivability could indicate germination defects, whereas
high survivability might suggest the gene in question to be
non-essential. However, even the 50 mutant strains with the
lowest survivability demonstrated robust germination capacity
(>80%; Figures 1C and 1D), and themajority was able to formmi-
crocolonies within 2 days of spore incubation, irrespective of
whether they later succeeded in forming a visible colony by
day 10 (Figure S1A). These data suggested that for these 50
mutant strains, the number of cell divisions a spore was able to
undergo before cell death was not a major determinant of the
viability of the resulting colony.
To assess gene essentiality in strains with the highest overall
survivability, we reasoned that all progeny of a non-essential
gene deletion mutant should be viable, whereas for mutant
spores lacking an essential gene, at least some of the progeny
should not be viable. We therefore devised a micromanipula-
tion-based pedigree analysis, in which individual daughter cells
and their progeny were physically separated from their mothers
after each cell division, down to the fifth generation, and arrayed
into a predefined pattern of 32 cells (Figure 1E). To validate the
method, we picked 15 strains with some of the lowest survivabil-
ity scores. While WT control spores consistently produced the
maximum possible 32 viable progeny (Figure 1F), the mutant
spores failed to do so (Figure S1B; Table S1A). When we applied
this analysis to the 54 strains with the highest spore survivability,
16 consistently produced 32 viable progeny and were thus re-
classified as non-essential (Table S1A). Conversely, the single-
cell progeny of the remaining 38 mutant strains displayed highly
heterogeneous intra-strain viability (Figure 1G), despite the uni-
formly high spore survivability. These data indicated that these
38 genes were indeed essential for cell viability immediately
following gene inactivation and that only a subset of the initially
generated mutant cells contributed to the formation of a visible1390 Cell 163, 1388–1399, December 3, 2015 ª2015 Elsevier Inc.colony. Overall, we were able to obtain conclusive data for 990
bona fide essential genes (Table S1A), among which a total of
88 (9%) could be deleted from the yeast genome without lead-
ing to a stereotypical cell lethality phenotype.
To test whether cell survival after deletion of one of these 88
essential genes was due to an evolutionary process, we as-
sessed whether yeast cells lacking these genes exhibited the
following hallmarks of adaptive evolution: genomic changes
and improved fitness. To detect large-scale genome changes
in high throughput, we obtained DNA content profiles by flow cy-
tometry. A new set of mutant spores, each lacking 1 of the 88
identified genes, was freshly generated and analyzed at the
earliest possible time point after germination. Two independent
mutant spores were harvested for each strain and spread to sin-
gle cells to randomly collect three independent colonies for each
spore (Figure 2A). DNA content profiles were compared with WT
control strains analyzed in parallel, thereby allowing significance
thresholds to be determined (Figure S1C; Table S1B). Significant
changes in DNA content were apparent in 84 of 88mutant strains
and included both whole-ploidy shifts and more subtle changes
suggestive of aneuploidy (Figures 2B–2D and S1D; Table S1C).
An increased cell-to-cell heterogeneity in DNA content was
also observed in several strains (Figure S1E), but the presence
of these large-scale genomic changes was not associated with
enrichment of chromosomal instability genes (Figure S1F). These
data suggested that deletion of these 88 essential genes exerted
selective pressure toward the acquisition of DNA content
changes.
Finally, we performed a high-throughput evolution experi-
ment to assess the ability of a further independent set of freshly
generated mutant strains, each lacking 1 of the 88 aforemen-
tioned genes, to increase their fitness over serial passages
(Figure 2E). As expected, WT control strains displayed robust
growth rates that did not substantially change during passaging
(Figures 2F, 2G, and S1G). In contrast, mutant strains displayed
significantly lower growth rates than WT strains, particularly at
early passages, when for some strains growth was undetect-
able (Figure 2F; Table S1D). However, upon serial passaging,
the majority of the mutant strains substantially improved their
growth rates (Figures 2F, 2G, and S1H). Together, these data
indicated that deletion of any 1 of these 88 genes did indeed
disrupt essential cellular functions but could later be overcome
by rapid adaptation of the mutant cells. We therefore desig-
nated this subset of 88 essential genes evolvable to distinguish
them from the remaining 91% of essential genes that were
non-evolvable.
A Genome-wide Gradient of Gene Essentiality
We next sought to identify features that might differentiate evolv-
able essential genes from non-evolvable essential and non-
essential genes. While evolvable and non-evolvable essential
genes were not significantly different in terms of gene length
and protein abundance, proteins encoded by non-evolvable
essential genes exhibited a significantly higher half-life than
those encoded by evolvable genes (Figures S2A–S2C). There-
fore, increased survivability of cells deleted of evolvable essen-
tial genes is unlikely to be due to a higher maternal load of the in-
activated protein in the parental heterozygous diploid.
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Figure 2. Adaptive Evolution of Cells Deleted of Evolvable Essential Genes
(A) Illustrative example of how independent mutant colonies were harvested for flow cytometry (white circles, picked colonies).
(B) Representative DNA content profiles of a haploid WT control, a diploidized mutant, and a triploidized mutant.
(C) Representative DNA content profiles of mutants with or without significant DNA content changes and homogenous or heterogeneous DNA content.
(D) Summary findings for all 88 evolvable genotypes. No data available represents insufficient sample biomass.
(E) Overview of the evolution experiment. Mutant and WT haploid strains were generated by tetrad dissection, and their growth rates were measured over five
serial passages in comparison to WT and heterozygous diploid controls. Optical densities (ODs) are normalized against the initial OD of each culture. Inset
numbers represent average growth rates of WT diploid controls (black) or mutants (red) are shown. White circles represent picked colonies, and NC represents
tetrad not considered due to incorrect segregation of growth.
(F) Box plots of 26 average growth rates of WT diploid controls (n = 8 per batch, black) and of 84 mutant growth rates (n% 6 per genotype, red) at each indicated
passages. Four mutant lines were lost during the evolution experiment. *p < 0.05; **p < 0.005 (Welch’s t test).
(G) Density distribution plot of average growth rate fold changes between P1 and P5 of the indicated groups of strains. Eight mutants displaying undetectable
growth at P1 were omitted to avoid infinite average fold changes.
See also Figures S1C–1E, S1G, and S1H and Tables S1B–S1D.
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Figure 3. Gene Essentiality Is Distributed on
a Gradient of Evolutionary Conservation
and Network Properties
(A–C) See Supplemental Experimental Procedures
for complete list of strains and species. (A) Per-
centage of non-essential, evolvable, and non-
evolvable genes identified as being essential or
non-essential in at least one additional
S. cerevisiae strain background. The p value was
calculated based on a Fisher’s exact test on ab-
solute counts. (B) Box plots of per-gene average
nucleotide conservation scores across seven
yeast species, stratified by gene essentiality
category. The p value was calculated based on a
Welch’s t test. (C) Percentage of non-essential,
evolvable, and non-evolvable S. cerevisiae genes
with the indicated number of orthologs in 25 eu-
karyotic species. The p value was calculated
based on a chi-square test on absolute counts.
(D–G) For each of the three gene categories, box
plots show the distributions of the indicated
network feature. The p valuewas calculated based
on a Wilcoxon t test.
(H) Principal component analysis of nine network
properties. Genes are plotted on the primary axes
(black) based on PC scores; variables are plotted
on the secondary axes (green) based on PC
loadings. Percentages in brackets are variance
explained by each component. Donuts are centers
of mass.
See also Figure S2 and Tables S1E and S1F.We then asked whether the three gene categories were asso-
ciated with distinct levels of evolutionary conservation (Table
S1E). Specifically, we tested whether genes in each category
were annotated as essential or non-essential across commonly
used laboratory strains of S. cerevisiae or in the distantly related
yeast species Schizosaccharomyces pombe (Figures 3A and
S2D–S2G). We also compared the three gene categories in
terms of DNA sequence conservation across seven Saccharo-
myces sensu strictu species (Figure 3B) as well as the number
of orthologs across 25 eukaryotes from yeast to man (Figure 3C).
In all analyses, evolvable essential genes displayed intermediate
conservation when compared with non-evolvable essential or
non-essential genes. These data suggest that evolvable essen-
tial genes are evolutionarily more plastic than non-evolvable
essential genes.
Several network parameters were shown to distinguish essen-
tial from non-essential genes (Hwang et al., 2009; Jeong et al.,
2001). To probe for systems-level characteristics that might
correlate with gene essentiality, we compiled a genome-scale1392 Cell 163, 1388–1399, December 3, 2015 ª2015 Elsevier Inc.network of protein-protein interactions
and analyzed several network features
(Table S1F). As expected, essential
genes mediated a larger number of pro-
tein-protein interactions (degree) than
non-essential genes (Figure 3D). In
particular, non-evolvable essential genes
displayed the highest degree and prefer-
entially interacted with other non-evolv-able gene products (Figures 3D and 3E). In contrast,
non-essential genes exhibited preferential interaction with other
non-essential genes and were unlikely to exhibit unique interact-
ing partners (as measured by the topological coefficient; Figures
3F and 3G). On average, evolvable essential genes displayed in-
termediate network parameters, although there was consider-
able overlap between genes in the three categories (Figures
3D–3G and S2H–S2L). Accordingly, principal component anal-
ysis failed to separate the three gene categories into obvious
clusters, but revealed a continuum of network properties across
the entire yeast genome (Figures 3H, S2M, and S2N). This anal-
ysis is not consistent with a clear dichotomy between essential
and non-essential genes, but instead supports the existence of
a genome-wide gradient of gene essentiality.
Evolutionary Responses to Disruption of Specific
Protein Complexes
We next investigated whether gene essentiality was associated
with specific cellular functions. Evolvable essential genes were
Figure 4. Connectivity within and between
Evolvable Cellular Networks
Genetic and physical interaction map of evolvable
essential genes and their products. Nodes
involved in similar cellular functions are grouped
according to the color scheme at the top. The map
omits 29 evolvable genes for which no interactions
were available. Gray circles depict nodes added to
the map due to their connection with the 88
evolvable genes.
See also Figure S3.connected to each other via a large number of genetic and
physical interactions and formed several sub-networks that
corresponded to key cellular functions and protein complexes
(Figure 4). While non-evolvable essential genes were enriched
in core cellular functions, including ribosome biogenesis,
mRNA synthesis, and DNA replication (Figure S3), evolvable
genes were preferentially involved in trafficking of mRNA and
proteins between intracellular compartments (Figure 4). Specif-
ically, evolvable genes were enriched in subunits of the
following complexes: the NUclear Pore (NUP) that mediates nu-
clear-cytoplasmic transport (Aitchison and Rout, 2012; Stram-
bio-De-Castillia et al., 2010), the Signal Recognition Particle
(SRP), and the Conserved Oligomeric Golgi (COG). While
most essential components of the COG and SRP complexes
were found to be evolvable, only specific sub-modules of the
NUP complex (NPC) exhibited evolvable components, i.e., the
phenylalanine-glycine nucleoporin (FG-NUP) genes NUP1,
NUP49, NUP57, and NUP116, and the outer ring components
NUP85 and NUP145. These data indicated that gene essential-
ity is not randomly distributed across the genome but that
some essential cellular functions are more evolvable than
others.Cell 163, 1388–1399, DIn order to detect common modes of
evolutionary adaptation to the loss of spe-
cific cellular functions, several indepen-
dently generated NUP mutant strains
were harvested at the end of the previ-
ously described evolution experiment
(Figure 2E) and subjected to whole-
genome re-sequencing (Figures 5A and
S4; Table S1G). Using this approach, we
identified only %2 point mutations in
each individual NUP mutant, which were
non-recurrent and of which only 8 of 14
were homozygous and non-synonymous
(Table S1H). In contrast, almost all of the
sequenced strains exhibited whole-chro-
mosome or segmental aneuploidy, with
specific karyotypic changes recurring
across strains lacking different genes
belonging to the same functional module
(Figures 5A, 5B, and S4). In particular,
strains deleted of FG-NUP genes prefer-
entially acquired extra copies of chromo-
some VIII, while strains deleted of outerring genes acquired extra copies of chromosome I or XVI. More-
over, recurrent karyotypic changes were observed by quantita-
tive PCR also in evolved SRP and COG mutants. While the
former all underwent polyploidization followed by preferential
loss of chromosome X (Figure 5C), the latter preferentially gained
extra copies of chromosome II (Figure 5F). When taken together
with our observation that evolvable genes were enriched in spe-
cific functional modules, these convergent evolutionary re-
sponses suggest that cells do not adapt to the loss of individual
genes per se but to the disruption of particular cellular functions.
Together with the high prevalence of cellular DNA content
changes (Figure 2D), these data further suggest that changes
in chromosome copy number are a common modality by which
mutant yeast cells respond to the loss of evolvable essential
genes.
Aneuploidy Overcomes Disruption of Essential FG-NUP
Genes by Altering the Dosage of a Specific
Compensatory Gene
We next determined whether aneuploidy of specific chromo-
somes confers survival advantages on cells disrupted in an
evolvable cellular function. To do this, we constructed a seriesecember 3, 2015 ª2015 Elsevier Inc. 1393
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Figure 5. Recurrent Whole-Chromosome
Aneuploidies Detected in Evolved Mutant
Strains
(A, C, and E) Heat maps of basal ploidy and chro-
mosomecopy-numberchangesdetectedat the end
of the evolution experiment (Figure 2E). Each strain
represents an independently generated and propa-
gated mutant of the indicated evolvable essential
genes. Gray asterisks represent ploidy heteroge-
neity; black asterisks represent segmental aneu-
ploidy.
(B, D, and F) Schematic representation of NUP,
SRP, and COG complexes. (B) Adapted from
Wente and Rout (2010) with permission from Cold
Spring Harbor Laboratory Press. (D) Adapted from
Nagai et al. (2003) with permission from EMBO. (F)
Adaptedbypermission fromMacmillanPublishers:
Nature Structural and Molecular Biology (Lees
et al., 2010), copyright (2010).
See also Figure S4 and Tables S1G and S1H.of diploid yeast strains carrying a heterozygous deletion of an
evolvable NUP gene together with an extra copy of chromosome
VIII starting from a previously generated collection of aneuploid
yeast strains (Pavelka et al., 2010b). Tetrad analysis of haploid
spores generated by meiosis was then performed to test
whether an extra copy of chromosome VIII was sufficient to in-
crease the survivability of strains carrying the deletion of evolv-
able NUP genes.
In accordance with the pattern of recurrent aneuploidy previ-
ously observed among evolved NUP mutants (Figure 5A), a sin-
gle extra copy of chromosome VIII was unable to increase the
viability of freshly generated NUP85 or NUP145 mutant strains,
but significantly enhanced the viability of strains lacking the1394 Cell 163, 1388–1399, December 3, 2015 ª2015 Elsevier Inc.FG-NUP components NUP49 or NUP57
(Figures 6A and 6B). This rescue effect
was not observed in nup1D and
nup116D mutants, most likely because
of their high baseline survivability in this
genetic background. However, several
colonies of nup49D, nup57D, and
nup116D cells carrying an extra copy of
chromosome VIII were already visible at
day 4 (data not shown). Moreover, all
nup57D strains retained the additional
copy of chromosome VIII after tetrad
dissection, and the majority did not ac-
quire any further aneuploidies (data not
shown), suggesting that this particular
aneuploidy provides an immediate rescue
after essential gene deletion without the
need for further adaptive changes.
Together, these results indicate that
aneuploidy of specific chromosomes is
sufficient to rescue the viability of cells
disrupted in components of essential
pathways.
We next investigated which gene(s) on
chromosome VIII might mediate itscompensatory effect. A candidate for this role was BRL1, which
encodes a nuclear envelope protein shown to genetically
interact with a nucleocytoplasmic transporter (Saitoh et al.,
2005). As predicted, a single extra copy of BRL1 under the con-
trol of its own promoter was sufficient to increase the viability of
all evolvable FG-NUP mutant strains (Figures 6C and 6D), but
failed to enhance the survival of mutants lacking evolvable
NUP outer ring components (Figure 6D). We determined the kar-
yotype of viable nup57D cells carrying two copies of BRL1 and
found that restoration of viability was not accompanied by the
acquisition of aneuploidy (data not shown).
To test the requirement for extra copies of BRL1 in mediating
the rescue effect of chromosome VIII aneuploidy, we generated
A B
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Figure 6. Extra Copies of Chromosome VIII
Restore FG-NUP Mutant Viability by
Increasing BRL1 Gene Copy Number
(A and C) Representative images of tetrad dissec-
tion plates showing nup57D spores with the indi-
cated genotypes.
(B and D) Viability of spores carrying a deletion of
the indicated evolvable NUP genes, in the presence
or absence of an extra copy of chromosome VIII (B)
or the BRL1 gene (D). Strains reported in (A) and (B)
were constructed starting from RLY4962, while
strains reported in (C) and (D) derived from
yGR1014, possibly explaining the different baseline
viabilities.
(E) Schematic diagram of expected Mendelian
segregation in meiotic products of a NUP57/
nup57D diploid strain, trisomic for chromosome
VIII, and carrying one of three copies of BRL1 under
the GAL1 promoter.
(F) Viability of spores with the indicated genotypes
under the indicated growth conditions, normalized
against theoretical number of spores depicted in
(E). *p < 0.01 (Fisher’s exact test on absolute
counts).fresh nup57D haploid strains carrying an extra copy of chromo-
some VIII with or without a repressible version of the BRL1 gene
(Figure 6E). Under BRL1-repressing conditions, nup57D strains
carrying the modified BRL1 allele on one of two copies of chro-
mosome VIII exhibited significantly decreased survival
compared with nup57D cells carrying twoWT copies of chromo-
some VIII (Figure 6F), suggesting that the compensatory effect of
chromosome VIII aneuploidy is largely due to extra copies of
BRL1. Overall, these data suggest that altering the dosage of
particular genes via the acquisition of specific aneuploidies rep-
resents an efficient evolutionary strategy to adapt to the loss of
some essential cellular functions.
Extra Brl1 Compensates for Lack of Nup57 by Altering
Membrane Fluidity
Wenext investigatedwhether extra copies ofBRL1 could restore
nuclear import in cells lacking the FG-NUP component Nup57.
To this end, we used an NLS-GFP reporter construct to compare
nuclear import rates between control cells and NUP57 shut-off
strains that either included or lacked a single extra copy of
BRL1. Diffusion of the NLS-GFP reporter throughout the cellCell 163, 1388–1399, Dwas induced by exposure to sodium azide,
which was then removed to allow the re-
porter to traffic back into the nucleus (Fig-
ure 7A). The ratio of nuclear versus cyto-
plasmic GFP intensity (Figure 7B) was
calculated at several time points after
release (Figure S5A) and was used to
determine nuclear import rates by linear
regression. While WT control cells effi-
ciently trafficked the GFP reporter into
the nucleus, the NUP57 shut-off strain ex-
hibited a delay in nuclear import that was
partially rescued by a single extra copyof BRL1 (Figure 7C), suggesting that upregulation of BRL1 can
restore nuclear import function in FG-NUP mutants.
To test whether Brl1 could directly mediate the restoration of
nuclear import in FG-NUP mutants, we first determined its sub-
cellular localization in respect to the NPC by using 3D structured
illumination super-resolution microscopy (3D-SIM). While Nsp1,
Nup57, and Nup49 co-localized as previously reported (Grandi
et al., 1995) (Figures S5B and S5C), 30% of foci containing
Nup57 or Nsp1 were located in close proximity to Brl1 (Figures
7D and 7E; Movie S1). These data suggested that Brl1 might
exert its rescue effect by influencing NPC components or other
nearby structures. Consistent with prior reports (Grandi et al.,
1995), shutting off NUP57 expression significantly impaired the
co-localization of Nup49 with Nsp1 (Figures 7F and 7G). Intrigu-
ingly, extra copies of BRL1 failed to restore Nup49 localization to
the FG-NUP complex (Figures 7F and 7G), suggesting that Brl1
repair of nuclear import function in NUP57 mutant cells does
not involve structural restoration of the disrupted complex.
These results are in line with the observation that the metazoan
Nup62-58-54 complex (ortholog to the yeast Nsp1-Nup57-
Nup49 complex) acts as an obligate heterotrimer (Chug et al.,ecember 3, 2015 ª2015 Elsevier Inc. 1395
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Figure 7. Adaptive Mechanism by which Extra Brl1 Compensates for Lack of NUP57
(A) Representative images of NLS-GFP reporter nuclear import assay. (Left) Genotype. (Top) Time point after release from sodium azide.
(B) Strategy used to quantify the nuclear versus cytoplasmic GFP intensity ratio. Red box, nine pixels used to calculate average pixel intensity.
(C) Quantification of nuclear import rates. Data are represented as mean ± SD (n = 3). *p < 0.01 (Welch’s t test); ns, not significant.
(D and F) A representative 3D-SIM z-plane is displayed for the indicated tagged proteins. Arrowheads represent co-localization of HA and Myc tags.
(E andG) Co-localization events were normalized by the total number of FG-NUP objects (E) or Nsp1 objects (G) detected at the nuclear envelope. Horizontal bars
show mean; error bars show SEM; *p < 0.01 (Welch’s t test).
(H) Representative tetrad dissection plates of nup57D/NUP57 strain with three copies of BRL1. (Left) Time after dissection. (Right) Growth condition. BA, 0.2%
benzyl alcohol; NC, not considered tetrads. Scale bar represents 1 cm.
(I) Spore viability under the indicated growth condition. (Bottom) Spore genotype. Keto: 1mg/ml ketoconazole. *p < 0.01 (Fisher’s exact test on absolute counts).
See also Figure S5 and Movie S1.2015), predicting that loss of Nup57 would preclude targeting of
Nup49 to the NPC.
Since Brr6 is a paralog and physical interactor of Brl1 known to
genetically interact with the NPC by modulating nuclear mem-
brane fluidity (de Bruyn Kops and Guthrie, 2001; Hodge et al.,1396 Cell 163, 1388–1399, December 3, 2015 ª2015 Elsevier Inc.2010), we next tested whether changes in membrane fluidity
could alter the viability of FG-NUP mutant cells. Incubation at
16C, known to decrease membrane fluidity, was able to signif-
icantly enhance nup57D viability in cells carrying one copy of
BRL1. Conversely, increasing membrane fluidity by incubation
at 37C or in the presence of benzyl alcohol or ketoconazole
reduced the viability of nup57D mutants carrying two copies of
BRL1 (Figures 7H and 7I). Together, these data indicate that
increased membrane rigidity is sufficient to bypass the essenti-
ality ofNUP57 and is necessary tomediate the compensatory ef-
fect of extra copies of Brl1. These findings suggest that extra
copies of BRL1 restore nuclear import function in FG-NUP
mutant strains not by simply restoring the integrity of the FG-
NUP complex but by modulating overall membrane fluidity.
DISCUSSION
The data presented in this report indicate that essentiality is not
simply a qualitative property intrinsic to a particular gene, but is
better represented as a quantitative function of a cell’s ability to
evolve to the loss of that gene by acquisition of adaptive muta-
tions. Accordingly, we propose a shift away from a qualitative
definition of gene essentiality based solely on the viability of
the corresponding mutant cells to a more quantitative definition
that also takes into account cellular evolvability. This paradigm
predicts that gene essentiality will depend on several key param-
eters: (1) the number of alternative mechanisms of bypassing the
disrupted cellular function, (2) the number of mutational events
required to engage the alternative mechanism, and (3) the ability
of the disrupted cell to generate selectable phenotypic variation.
While the first two parameters are closely linked to the redun-
dancy and interconnectivity of cellular pathways, the latter
greatly depends on the mutation rate in the first few cell divisions
after essential gene disruption. Bacteria and yeasts are known to
exhibit stress-induced genome instability in response to environ-
mental perturbations (Chen et al., 2012a; Forche et al., 2011;
Ponder et al., 2005). Since the loss of an essential function is
likely to cause severe cellular stress, the prevalence of large-
scale genome changes detected in this study might be the result
of transiently increased genome instability.
Although aneuploidy typically reduces the fitness of otherwise
WT eukaryotic cells grown under optimal conditions (Torres
et al., 2007; Williams et al., 2008), acquisition of aneuploidy dur-
ing adaptation to environmental and genetic stresses is not un-
precedented in yeasts and other fungi (Dunham et al., 2002; Gre-
sham et al., 2008; Ni et al., 2013; Rancati et al., 2008; Selmecki
et al., 2006; Vernon et al., 2008). Without dismissing a role for
point mutations, the relatively high frequency of spontaneous
whole-chromosome and segmental aneuploidy (Lynch et al.,
2008) coupled with the large phenotypic leaps permitted by
these kinds of mutations (Chen et al., 2012b; Pavelka et al.,
2010b) may render this type of genomic change a readily avail-
able and effective mutation for overcoming abrupt, life-threating
perturbations (Pavelka et al., 2010a). Once cells have evolved a
mechanism of adaptation that allows them to survive a lethal ge-
netic insult, the fitness cost associated with aneuploidy could
potentially be alleviated by either acquiring aneuploidy-tolerating
mutations (Torres et al., 2010) or by subsequently replacing the
aneuploidy with more fine-tuned genetic changes (Yona et al.,
2012).
Adaptation of phages, bacteria, and yeasts to the deletion of
both essential and non-essential genes has previously been
shown to lead to divergent compensatory evolution, involvingmutations in non-homologous genes often outside of the same
module as the inactivated function (Bergmiller et al., 2012; Har-
combe et al., 2009; Rancati et al., 2008; Szamecz et al., 2014).
Accordingly, we showed here that upregulation of Brl1 function-
ally bypasses disrupted FG-NUP complexes not by restoring
their structural integrity but possibly by altering membrane
fluidity. Therefore, adaptive evolution to the loss of essential
FG-NUP proteins appears to occur via co-opting of seemingly
unrelated cellular pathways, rather than by modulating closely
related members of the same protein complex.
Our data also pointed toward specific cellular functions being
more evolvable than others. In particular, evolvable genes were
enriched for components of subcellular compartments found
only in eukaryotes (nucleus, endoplasmic reticulum, Golgi appa-
ratus), but lacked coremachineries common to all known cellular
systems (mediators of DNA, mRNA and protein synthesis). This
finding might imply that while some core functions are so central
to cell survival as to prevent major evolutionary changes, it is
possible that evolutionarily ‘‘younger’’ essential genes might
have retained a certain degree of evolvability. Since the emer-
gence of drug resistance in cancer and infectious diseases is a
major public health concern (Gottesman, 2002; Spellberg
et al., 2008), the differential evolvability of cellular functions could
have profound implications for the prioritization of therapeutic
targets in these pathologies. By extending our findings to patho-
genic fungi and cancer cells, it may be possible to increase treat-
ment efficacy by selecting drug targets that can be disrupted
without substantial risk of cellular adaptation to the loss of
function.
EXPERIMENTAL PROCEDURES
Yeast Strains and Manipulations
Yeast cell culture and genetic manipulations were performed as previously
described (Sherman et al., 1974). Strains used in this study were on the
S288c background (Table S1I). Unless indicated otherwise, strains were
cultured in yeast extract, peptone, and 2% glucose at 25C. Ploidy changes
and karyotypes were determined as described previously (Pavelka et al.,
2010b; Zhu et al., 2012). Details of the genetic screen, strain manipulations,
and all other experimental and computational methods are described in the
Supplemental Experimental Procedures.
Bioinformatics Analysis
Gene essentiality data for various S. cerevisiae backgrounds and for S. pombe
were obtained from SGD (Cherry et al., 2012) and PomBase (Harris et al.,
2013), respectively. Ortholog mapping data were from inParanoid (Remm
et al., 2001). Interaction data for the network analysis were obtained from
the iRefIndex database (Razick et al., 2008). Functional enrichment analysis
was performed using the Cytoscape (Saito et al., 2012) plug-in GeneMANIA
(Warde-Farley et al., 2010).
Whole-Genome Sequencing
Genomic DNA for whole-genome sequencing was extracted as previously
described (Rancati et al., 2008). Sequencing libraries were prepared with
Nextera XT kits (Illumina) and run on an Illumina MiSeq Personal Sequencer.
Unless indicated otherwise, all sequencing data analysis was performed in
CLC Genomics Workbench.
Microscopy
For subcellular localization analysis, z-stack movies were acquired on an
Olympus FV1000 confocal microscope and analyzed in ImageJ (Schneider
et al., 2012). For co-localization analysis, 3D-SIM was performed onCell 163, 1388–1399, December 3, 2015 ª2015 Elsevier Inc. 1397
spheroplasts labeled with commercially available antibodies and acquired on
a DeltaVision OMX v4 Blaze microscope. 3D stacks were analyzed in ImageJ
using customized scripts and in Imaris v.8.1.
Statistical Analysis
Unless indicated otherwise, all statistical analyses were performed in Micro-
soft Excel or R software (R Core Team, 2014) using standard packages or
customized scripts.
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